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inding of the anti-cluster of differentiation (CD)
2 monoclonal antibody 9-1 causes an increase in
tile concentration of cytoplasmic-free calcium
([Céﬁl) in cultured CD3‘/CD16§3natural killer (NK)
cells. This response did not oceur in cultured CDSE*,’/
CDi6" cytotoxic T lymphocytes (CTL). Anti-CD16
antibodies could partially block the calcium re-
sponse when NK cells were stimulated with intact
antibody 9-1, and antigen-binding fragment F(ab’),'
of antibody 9-1 did not produce a >alcium response.
Thus an interaction of the 9-1 antibudy with CD16
Fc receptors was required for th= functional effect
The dual interaction of antibody 9-1 wx_tp_bothaevé
and CD16 was demonstratza py -¢o6modulation ex-
periments<The cytolytic activity of cultured NK
cells was increased by anibcdy 9-1 but not by
F(ab’), fragments of antibody 9-1. The enhanced
lytic activity was blocked by anti-CI*16 antibody,
anti-CD18 antibody, and anti-CD2 antibodies that
do not block the binding of antibody 9-1. This pat-
tern was distinct from antibody-dependent cell-me-
diated cytotoxicity which was blocked only by the
anti-CD16 antibody. Thus antibody 9-1 enhanced
cytotoxicity by activating effector cells. There was
no enhancement of lytic activity when Fiab’)i of
antlbody g-1 were cross-linked with a polyclonal
antiglobulin, even though [Ca?'li was increased.
These results show that induction of & [Ca"‘uh re-
sponse is not sufficient to enhance lytic activity in
NK cells, and suggest that signals delivered through
CDleare negessary. e 0 ;o) L Al
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natural killer (NK} cells is initiated by the formation of
stable conjugates between effector and target cells. an
antigen-independent process which utilizes the sheep
erythrocyte receptor {(cluster designation (CD) 2) and the
LFA-1 complex (CD11, CD18) as adhesion structures (1-
4). Thereafter, effectors are programmed for lysis
through a Ca?*-dependent mechanism: intracellular mi-
crotubules are reorganized and cytoplasmic granules are
oriented toward the target cells (5). Granule contents are
secreted with release of a complex of proteins, including
perforins and serine-esterases, which produce target cell
lysis (5, 6). In the case of CTL. Induction of lytic activity
requires interaction between the T cell receptor/CD3
complex and specific antigen, with triggering of a trans-
membrane calcium flux and activation of protein Kinase
C (1. 7-10). On NK cells, a sirface receptor capable of
inducing cytolytic activity i:2 5 not 7=t been identified (11).

Receptos ligand interacticns invalving CO2 not only
hat zlsc appzar to be in-
volved in activation of effectc: cells (12. 131, Firding of
cert2in ant.-CND2 antibodies can mduce an inc. «se in
the concencration of intraceilular-free calcium ({Ca®*)i)
(14). In a previous study, ‘ve showed that simultaneous
bind:ng ct anti-CD2 antibodits 9.6 and 9-1 fo resting T
cells causes an increase in [Ca**'}{ (15). An unexpected
finding was the observation that the bindirg of antibody
9-1 alone was sufficient to trigger a calcium fux in
resting CD16* celis. These findings suggested that acti-
vatfon triggered by anti-CD2 antibodies might have dif-
ferent mechanisms in Co3* T cells population and in
CDi6"* large granular lymphocytes (LLGL). a population
known tc contain NK cells. In the present study, we
demonstrate that the increased [Ca?*)i induced in CD16*
cells by antibody 9-1. an I[¢gG3 immunoglobulin, requires
an interaction with Fc receptors and that cross-linking
of CD2 molecules and Fe receptars by the 2-1 antibody
activates the iytic program of NK cells.

MATERIALS AND METHODS

Cell preparations. Mononuclear cells were separated from hepa-
rinized per'pheral blood of healthy human subjects by density-gra-
dlent centrifugation on Ficoll-Hypnque (S.G. 1.077). For somc exper-

cluster of differentiation; PBL, peripheral blood lymphocytes: LGL. Jarge
granular lymphoceytes: ADCC, antibedy-dependent -cll-miediated cytotox-
icity: NK. natuzal killer; (Ca®* |1, concernitration of cytoplasmic fonized free

calciuve: iL-2, interleukin 2.
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NK CELL ACTIVATION

iments, monocytes and B cells were depleted by sequential adherence
to plastic plates and nylon wool as previously described (16).

Cultured cytotoxic effector cells. Peripheral blocd lymphocytes
(PBL) were cloned by limiting dilution at a concentration ¢ 0.5-1
cell/well in RPMI 1640 medium (GIBCO, Grand Island, NY) contain-
ing 25 U/ml recombinant interleukin 2 (IL-2) (Amgen, Thousand
Oaks, CA), 10% pooled human serum (Pel-Freez, Brown Deer, W), 3
x 10* trradiated (3600 rad) autologous PBL/well and 5 X 10® frrudi-
ated (7000 rad) autologous Epstein-Barr virus (EBV) transformed B
cells/well. After 21 days, cultures showing >20% specific lysis of
R562 cells at a 10:1 effector to teget ratio were selected for contin-
ued propagation. Cell lines EB4.19 and EB4.3 have an identical
(D2*/CD3"/CD8*/CD4~/CD11*/CD16*/Leu7t/Leul9* cell-surface
phenotype (17, 18). Both showed a germline configuration of the T
cell receptor 8 and y genes (data not shown), Expresston of functional
¥c receptors was documented by antibody-dependent cell-medtated
cytotoxliclty (ADCC)assays by usinga Thy-1.1* SL2 murine thymoma
cell line and antl-Thy-1.1 murinc monoclonal antibodles {19). Spon-
lancous cytolytic activity was present against K662 and MOLT-4 cell
lines, but not against DAUDI and B lymphoblastoid celi lines "JH"
i nd “"DY."On the basis of their function and phenotype, cells of lines
84,19 and EB4.3 will be termed NK cells. Cell line C3 has a CD2*/
CD3*/ChB*/CD4"/CD11*/CD16~ phenotype and shows promiscuous
cvtotoxlelty against K562, MOLT-4, DAUD!, and NALM-1 cell lines.
This cytolytic activity 1s not specific for or restricted by major his-
1scompatibllity complex (MHC) gene products. Cell line C3 is not
wtive In ADCC assays. In view of the expression of CD3 and the
abscnee of CD16, cells of this line will be termed CTL.

Other CTL cell lines were generated by two sequential primings of
aormal PBL with allogenele stimulators followed by culture at im-
iting dilution. CTL line 4.47 has a CD2*/CD3*/CD8*/CD16~ pheno-
ivpe and Is spccific for HLA-B27. CTL line 52 has a CD2*/CD3*/
(D4*/CD16~ phenotype and is specific for an antigen expressed by
LBV -transformcd cells and restricted by HLA-Dw1. Ce ® lines were
maintained by weekly feeding.

Cell lines. The crythroleukemia cell line K562, the pre-B cell line
NALM-1, the B cell line DAUDIL. and the T cell linec MOLT-4 were
~btained from American Type Cuiture Coilection {Rockville, MDj.
The B-lymphoblastoid cell lines “JH" and "DY" were produced by
£BV transformation of B cells from healthy volunteers. The lung
rarcinoma cell ine 2981 has been described previously (20). Aii cell
tines were maintained under standard culture conditions in RPMI
1640 medium (GIBCO), supplemented with 10% fetal bovine serum
:Hyclone, Logan, UT). 1 mM pyruvate, and 2 mM glutamine. |

Monoclonal anttbodies. Murine monoclonal antibody 9-1 was a
¢ift of Dr. Bo Dupont (Mcmorlal Sloan Kettering Cancer Center, New
York. NY). Antibody 9-1, which was clustered with CD2 in the
Second International Workshop on Leukocyte Diffcrentiation Anti-
gens {21), does not inhibit rosette formation with sheep erythrocytes
{22). Immunoprecipitation experiments sinowed that antibody 9-1
reacts with a 50-kDa polypeptide species that could be precleared by
CD2 anttbody 35.1 (data not shown). Immunoblotting of human
thymocyte Jysate showed that antlbodies 9-1, 35.1, and 9.6 all bind
to molccular species that migrate as a broad band in the 50-kDa
region of the gel (data rot shownj. Ouchterioney double mmune
diffuslon with purificd rabbit anti-mouse immunoglobuitn (1g) heavy
chain antisera (Zymed) showed that antibody 9-1 has an 1gG3 iso-
type. Anttbody-binding fragments F(ab’); of antibody 9-1 were pre-
pared by papatn cleavage at pH 4.5 as described (23). Undigested
antibody was reinoved by chromatography on a protein A-Sepharose
column {Pharmacia, Piscataway, NJ) and was not detected In gel
clectrophoresis analysis of the final F(ab’), preparation. Binding
activity of 9-1 Flab’), was decumented by indirect Immunofluores-
cence assays, showing that saturaifon was achfeved at concentra-
tions as low as 3 pg/ml, F(ab’); of antibody 9-1 were conjugated to
biotin by mixing [ ml of 0.1 M NaHCO; containing 1 mg of protein
with 50 4l of dimethyl sulfoxide containing 50 ug Biotinyl-N-hydrox-
ysuccimmide (Sigma). and incubation for 3 hr at room temperature.
The solution was dialyzed in phosphate-buffered saline and {ilter-
sterillzed before use. Characterization of CD2 antibodies 9.6 (1gG2a)
and 35.1 (1gG2a) has been described previously (24). Antlbodies FC-
1 (1M} and FC-2 (1IgG2b) (donated by Dr, Edward Clark, University
of Washington)are specific for the CD16 Fe-receptor of LGL and can
block Fe binding and ADCC (25). Antiboady 31C5.31 (IgG3) (provided
by Dr.lewiny D. Bcrasian, Sred Hutehinson Cancer Research Center)
recofnizes the Thy-1.1 antigen of murine thymocytes and does not
cross-react with human cells. Antibody 60.5 (IgG3) reacts with a
monomorphic determinant of HLA-class I molecules. Antibody 60.3
(12G2a) 1s speclfic for CDw18, the g-chain of the human LFA-1
cormplex (26). Antibody G1-14 is specilic for CD45, the T200 com-
plex. Antibady L6 (I#G2a) recognizes a carbohydrate antigen ex-
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pressed on lung cell and other carcinomas (18). Rat monoclonal
antibody 187.1 iIs spectfic for the mouse immunoglobulin «-chain
(27).

Monoclonal antibodies were purified from ascites fluids by chro-
matography on protein A-Sepharose or by precipitation with 50%
saturated ammonium sulfate followed by DEAE-Sephacyl chroma-
tography (Pharmacia). Purified antlbodics were dialyzed against
phosphate-buffered saline and filter-sterllized, Before each expers-
ment, antibodies were centrifuged (122,000 X G) for 20 min in a
Beckman airfuge to remove aggregates. Certaln antlbodies were
conjugated to fluorescein isothiocyanate according to the method of
Goding (28).

Immuneofluorescence analysts. Cells were incubated with anti-
body at saturating concentrations and stained by indirect inununo-
fluorescence with the use of affinity-purified fluorescein-conjugated
goat anti-mouse Ig antibodies (Tago, Burlingame, CA). A specificity
control was provided by staining cells with an isotype-matched
antlboCy of an irrelevant speclificity. For competitive binding inhi-
bition experiments, 5 X 10* cells were incubated at 4°C in 25 ul of
medium containing 0.1% sodium azide and a saturating concentra-
tion of the test antibody. After 30 min, 25 ul of fluorescein isothio-
cyanate-conjugated antibody was added, and the incubation was
continued for another 30 min. Cells were then washed and fixed in
1% paraformaldehyde. For modulation experiments, a similar pro-
cedure was followed except that the first incubation was performed
for 1 hir at 37°C in absence of sodlumn azlde. Cells were analyzed by
flow microfluorimetry with logarithmi~ amplification of the fluores-
cence signal.

Measurement of cytoplasmic-free calctum [Ca**Jl. In somnz ex-
periments, the concentration of cytoplasmic-free calclum [Ca?*|i was
measured in Quin 2/AM (Calblochem, San Diego. CA)} -loaded cells
as previously described (15) with the assay calibrated by the mnethod
of Tsien et al. (29). In other experiments, [Ca?*|l was measured In
Indo-1 loaded cells by {low cytometry as described in detall elsewhere
(30). The Indo-1 ratio of violet to blue fluorescence is directly related
to the [Ca™]i and was digitally calculated In ceal time for each
individual cell by using a liner scale. At the beginning of cach
experiment. the blue and violet photomultiplier settings were ad-
Justed so that the ratfo was 1 for resting PBL. The {Ca?*]{ can be
calculated from the Indo-1 violet/blue ratio by using the formula
derived by Grynkiewicz et al. (31): [Ca?*)l = Ky (R ~ Rayn)/(Rmax — R)-
(f2)/(b2), where [Ca?*|t = intracellular fonized calclum concentration
{nanomolar): K4 = 250 nm for the intracellular dye: R = Indo-1 violet/
blue ratio: Ry, = Indo- 1 violet/blue ratio of calcium-iree dye; Kma =
Indo-1 violet-blue ratio of calclum saturated dye; f2 = blue fluores-
cence intensity of calcium-free dye; and b2 = bluc fluorescence
intensity of calclum-saturated dye. We have previously determined
the constants for this system (30). Rattes of 1, 2, 3, and 4 correspond
toa [Ca?*|i of 131, 338, 679, and 1346 M, respcctively. The (Ca?*|t
of resting T cells was !31 + 8 (mean + SD). Data were collected on
the 2150 “time mode,” and the mean Indo-1 violet/blue fluorescence
ratio was calculated and plotted as a function of time.

Cell-iedtated cytotoxicity assay. The medium used for the cy-
totoxicity assay was RPM{ 1640 containing 10% fetal calf serum
(Hyclone) heat-inaciivated for 1 hr at 56°C. Targe* cells (1.0 % 10°)
were incubated at 37°C for 1 hr in 150 ul RPMI 1640 containing 300
#Ct sodium (*'Cr) chromate and 15% fetal calf serum and then
washed. In some experiments, *'Cr-labeled cells were preincubated
with medium containing monoclonal antibody for 30 min at 4°C.
washed, and resuspended In standard medium before the cytotox-
lcity assay. In other experiments, the cells were dispensed in micro-
wells and antibedy was added subsequently. The cytolytic assay was
perforined by adding effector cells to 1 X 10* 'Cr-labeled target cells
in V-bottomed microwells {Linbro) containing a final assay volume
of 200 ul. After 4 hr of incubatlon at 37°C in 5% CO;. 100 i of cell-
free supernate were collected from cach microwetl for measurement
of 3!Cr release. Controls with no antibody and no effectors were used
to measure spontancous *'Cr release. The lysate of target cells
treated with 5% NP-40 was used to calculate maxinium release.
Percent specific release was calculated according to the formula: %
specific release = (test - spontancous)/{maximum - spontancous) X
100%.

RESULTS

Changes in [Ca**]t induced by CD2 antibodies. Acti- .

vation induced by CD2 antibodies was examined by mea-
suring changes in {Ca?*]i in cultured CD3"/CD16* NK cell
lines and CD3*/CD16~ CTL cell lines. The [Ca**|i of NK
cells increased immediately after binding of antibody 9-
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NK line EB4.19 (CD37CD16Y)
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Figure 1. Induction of calclum flux by ant-CD2 monoclonal antt-
bodies 9-1 and 9.6, Cells were loaded with Quin2/AM and assayed (or
intracellular caleium flux by determining changes in fluorescence tuten-
sity. Antibodies were added at the times indicated by arrows, at a final
concentration of 10 gg/ml.

1 but was not affected by antibody 9.6 (Fig. 1). The
increased [Ca®*|t induced by antibody 9-1 reached &« max-
fmun level within 2 min and then decreased within 4
min. The [Ca?']i of the CTL line was not affected by
binding of either antibody 9-1 or 9.6 alone (Fig. 1). When
CTL were preincubated with antibody 9-1. the addition
of antibody 9.6 induced an increase In [Ca®|i after a
latent period lasting less than 1 min witl: a peak level
reached after approximately 2 min. When CTL were
preincubated with antibody 9.6, antibody 9-1 was also
able to induce an increase in [Ca®*)i. In this case the
latent perlod was approximately 3 min and the peak
responsc was reached after approximately 6 min.
Valency requirements for activation of NK cells by
CD2 antibodles. Previous studies have shown that CD16,
the low affinity Fe receptor known to be expressed ori NK
cells and granulocytes, has a preferential avidity for mu-
rine antibodies of the IgG3 subclass (19). Furthermore,
whenused alone, the 1gG3 antibody 9-1 was able to evoke
a calcium flux cnly in CD16" cells (15). Thus it was of
interest to determine whether its ability to activate NK
cells required an interaction with Fc receptors. When
cultured NK cells were prelncubated with the anti-CD16
antibody FC-2, there was a reduced [Ca®]i response after
stimulation with antibody 9-1 (Fig. 2). Furthermore, NK
cells showed no [Ca®ll increase al'ter stimulation with
Flab’), of antibody 9-1 (Fig. 3, dashed line |- - < - -}, at
time 0). On the cother hand, cross-linking of surface-
bound 9-1 F(ab’), with a goat anti-mouse Ig antiserum
caused a prompt increase in [Ca?*]i (Fig. 3, dashed line
b= ], at 2.5 min). A smaller but definite increase in
[Ca®*}i was generated by avidin cross-linking biotin-con-
jugated F(ab’), of antibody 9-1 (Fig. 4). Cross-linking of
surface-bound antibody 9.6 also induced a calclum flux
(Fig. 3). Binding and cross-linking of the control anti-
T200 antibody G1-14 had no effect on [Ca**)i (Figs. 3 and
4). Finaily, binding of the 1gG3 isotype control anti-HLA
class I antibody 60.5 had no effect on [Ca?*]i (data not
shown). These data indicate that either multivalent
cross-linking of CD2 molecules or formation of complexes

.
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NK line £84.19 (CD37CD16Y)
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Ftgure 2. Blocking effect of ant1-CD16 antibodv FC-2 on ealeium flux
induced by anti-CD2 monoclonal antibody 9-1. Cells were loaded with
Quin2/AM and assayed for intracellular calchum flux by determining
changes in fluorescence intensity. Cells were preincubated for 1 hr with
saturating conccntrations of antibedy FC-2 (anti-CD16} or 51.1 (ant!-
CD8j and then stimulated by antibody 9-1 (10 ug/ml). Antibodies FC-2 .
and 51.1 had no effect on {Ca®*]l (not shown). The spikes on the CD8-
treated cells are artifacts from bubbles.
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Ftgure 3. Concentration of [Ca®*|i In cultured NK cell lice loadsd with
Indo-1. The mean Indo-1 violet/blue ratio 1s shown on the ordinate and a
value of 1.0 corresponds to a [Ca**|t of 131 nM obscrved In resting
lymphoacytes. Before any antibody was added to EB4. 19 cells, [Ca**]l was
263 nM. Cells were incubated with antibody 9-1 Flab‘)z (- -- - - ). antibody
9.6(---.~ ) orantibody G1-14(1200)(: .- ) at time O, and goat anti-mouse
I antiserum (GaM) was added after 2.5 min. Antibody 9-1 (—} was
added after 2.5 min. Monoclonal antibadics were used at a concentration
of 50 ug/ml and GeM at 1/10 dilution,

3.0F
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Ftgure 4. Concentration of [Ca?*)l {n cultured NK cell itne loaded with
Indo-1. The mean Indo-} violet/blue ratio 1s shown on the erdinate and a
vahie of 1.0 corresponds to a [Ca**]i of 131 nM observed in resting
lymphacytes. Cells were preincabated for 15 min with blotin-conjugated
IFlab’); of anttbody (- - - - - )or antibady G 1-14 (T200) (- -+ -} and analyzed
at time 0. Avidin was added to cells at 10 pg/ml alter 2.5 min. Antibody
9-1 ( J was added after 2.5 mtn. Antibodics or fragments were used at
a concentration of S50 ug/mil.
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between CD2 and CD16 are sufficient to trigger an in-
creased [Ca®*]i in cultured NK cells.

We have considered the possibility that antibody 9-1
praduced intercellular bridging by binding to Fc receptor
on one ccll and to CD2 on another. However, the light
scatter characteristics of the cells analyzed by flow cy-
tometry did not change after binding of antibody 9-1.
This (inding excludes that cellular aggregates are formed
and supports the alternative hypothesis of a surface
ervss-link on a single cell.

Modulation of CD16 induced by a CD2 antibody. The
dual interaction of antibody 9-1 with both CD2 and CD16
was further demonstrated by comodulation experiments.
Preincubation of cultured NK cells at 4°C with antibody
9-1 did not inhibit binding of the anti-CD16 antibody FC-
2 and, similarly, preincubation with antibody FC-2 did
ot inhibit binding of antibody 9-1 (Fig. 5). However,
jncubation with antibody 9-1 for 1 hr at 37°C caused
fearly complete modulation of CD16 whereas incubation
with antibody FC-2 had no effect on CD2 expression.
Moadulation of CD16 was not observed after incubation
with the [gG2a anti-CD2 antibody 9.6, with F(ab’), of
antibody 9-1, or with a control IgG3 antibody 60.5, spe-
eific for HLA class I molecules.

Activation of the lytic program in NK cells by a CD2
aitibody. Given that CD2 has a functional role in lym-
phocyte activation and that Fc receptors are involved in
antibody-dependent target-specific lysis by kiiler lym-
phoeytes, it was of intercst to determine the effect of
antibody 9-1 on cytolytic effector cell function. In the
presence of antibody 9-1, the lytic activity of the NK cell
lines EB4.19 and EB4.3 tested against NALM-1 or K562
targets was profoundly enhanced (Fig. 6). In contrast,
and consistent with previous studies, anti-CD2 antibody
9.6 (1gG2a) had an inhibitory effect on NK lytic activity
{24, 32). Binding of IgG3 isotype control anti-HLA class 1
antibody 60.5 had no effect. Antibody 9-1, however, had
no effect on the lytic activity the CD3*/CD1-8"~ CTL line
Cd {Fig. 6). Similarly, there was no induction of promis-
cuous Killing or inhibition of lectin-lacilitated cytotoxicily

FC-2FITC 4°C FC2FITC 37°C

96 . Medic
* . .
o, 1 Flotlz

9+ Flob 2
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Fiqure 5. Comadulation of CD2 and the CDI16 e receptor by antibody
9-1. Cells of the N¥X cell line ©B4.19 were preinenbated with a saturating
concentration of each indicated antihady or medium for 1 hr at efther 4°C
or 37°C and allquots were then stained with uoresceln-conjugated anti-
CD16 antibody FC-2 or with fluorescein-conjugated anti-CD2 antibady 9-
1. Cells were analvzed by flow microfivorimetry with logarithmic amplt-
ficatton of the fluorescence signal. Antibody 60.5 (IgG3) 1s speetfte for
HLA-class | molecules,
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Flgure 6. Enhancenient of cytolytic activity of a CD16* cloned NK cell
line by antibody 9-1. A, Cell line EB4.19 (phenotype: CD2*/C03°/CD16Y)
and cell line C3 (phenotype: CD2'/CD3*/CD167) were incubated with
SiCr-labeled NALM-1 cells at a 10.1 effector to target ratio for 4 hr at
37°C either ln medium or in antibody at a concentration of 1 ug/ml,
Incubation of target cells with antibody alone did not inerease sponta-
neous release. Antibody 31C5.31 (IgG3) Is specific for murine Thy-1.1
does not react with elther EB4.19 or NALM-1 cells, Lytic activity of
another CD37/CD16* cell linc (EB4.3) was also ecnhanced by antibody 9-
1 (not shown). B, Cells from the NK iine EB4.19 werc incubated with **Cr-
labrled K562 cells (effector to target ratio of 10/1) 4 hr at 37°C either In
medium or in antibody at 1 yg/uil.

wheun antibody 9-1 was added to a CD4* MHC class 1I-
restricted. EBV-specific CTL line or to a CD8" MHC class
I-specific CTL line (Table 1). Thus antibody 9-1 was only
capable of enhancing lysis mediated by CD16* NK cells
and had no effect on lysis mediated by CD16~ CTL..
It was possible that ADCC was responsible for in-
creased lysis In the presence of antibody 9-1. However,
neither NALM-1 nor K562 cells have surface CD2 detect-
able by indirect immunofluorescence and NALM-1 cells
do not express Fc receptors whereas K562 cells express
FeRy (33, 34). The enhanced lysis induced by antibody 9-
1 was directly compared with ADCC by testing the effects
of other antibodies known to inhibit the activity of cyto-
lytic cells,. When PBL effectors were tested in cytolytic
assay against the CD2 lung carcinoma 2981 cell line,
anti-CDw18 antibody 60.3 and anti-CD2 antibodles 9.6
and 35.1 inhibited 9-1 induced lysis but not ADCC,
whereas the anti-CD16 Fc receptor antibody FC-2
blocked both activitics (Table II). Similar result; were
obtained by using cultured CD37/CD16* NK cells tested
against NALM-1 cells (Table ). Further evidence that
antibody 9-1 enhanced killing by directly activating ef-
fector cell function, and not by ADCC, was provided by
experiments demonstrating that lysis was not increased
when target cells were preincubated with antibody 9-1
and washed before the cytotoxic assay (data not shown).
Experiments described above demonstrated that either
multivalent cross-linking of CD2 or the formation of com-
plexes between CD2 and CD16 was sufficient to (rigger
increased [Ca®*]i in NK cells. In cytolytic assays, IF(ab’},
of antibady 9-1 did not enhance the lytic activity of either
resting or cultured NK cells (Table 1V), Simultaneous
incubation with Flab’), of antibody 9-1 and with a murine
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TABLE 1
Cytolyttc activity of CD3*/CD 16" cultured alloreactive CTL®
Relevant Target (LCL “DY7) terelevant Tanget (LCL “JIt%)
CTL Linc Con A —
Medium Antihody 9:1 Medium Antibody 9-1

4.47 - 58 47 1 3

+ 47 44 47 45
52 - 57 53 7 5

+ 56 49 19 23

4 Results represent mean percent specific lysls as m=asured by 3'Cr relcase assay. Cell line 4 47 1s a CD3*/CD8*/CD16
CT1, specific for HLA-B27. Cell line 52 Is a CD3/CD4*/CD16™ HLA-Dw!-restricted CTL specific for an EBV-associated
antigen. The EBV-transformed B-lymphoblastoid cell line (LCL) DY but not JH expressed HLA-B27 and HLA-Dw1. The B-
lymphoblastold ceil tine JH docs not express either HLA-B27 or HLA-Dw1. Ef(ector cells were tncubated with targets at a
10:1 effector to target ratio for 4 hr at 37°C with antibody (1 pg/mi). Con A (2.5 pg/ml) or incdium alone.

TABLE 11

Cytolytic activity of peripheral blood lymphocytes: effects of antt-CD16, antt-Chw 18, and ant!-CD2 monoclonal
antibodles ont ADCC and lysis induced by antibody 9-1°

Experiment 1 Experiment 2
i Anttbody Antiidody Antibody Autibody Antibody
I_ Medium FC-2(CD16) 35.1(C02) Medium 60.3(COW18) 9.6(CD2)
Medium 18 a 18 18 5 13
L6{anti-2981) 47 5 40 a3 34 43
9-1 (anti-CD2) 87 15 15 78 17 6

4Results are expressed as mean percent specific 3'Cr release. PBL were assayed for cytotoxicity against 2981 lung

carcinoma cells by a 4-hr *'Cr release assay at an effector to target ratto of 100:1. 'The antibodics were added at a

| concentration of 10 pg/ml. Antibodies 9.6 and 35.1 do not block binding of antibody 9-1 to cffector cells. Antibady L6

- used for the ADCC assay binds to target cells but not to human PBL. Antibody 9-1 Binds to human PBL but not to the lung
) carcinoma cell line.

TABLE 1l

Cytolytic acttvity of cultured NK cells: effects of anti-CD16, anti-CDw!8, and anti-CD2 monoclonal antibodles on
tysts induced by antibody 9-1°

Menoslonal Annbedy

Stimulus Medium
l FC-1{CDL6) 60.3 (CDwIX) 9.6 (CD2)
Mcdium 11 9 7 6
Antibody 9-1 34 14 4 4

“Results are expressed as mean percent specific *Cr release. NK cell line EB4.19 (CD37,/CD16°) was incubated at a
10:1 effector to target ratio with *!Cr-labeled NALM-1 targets. Autibodies were used at a concentration of 1 ag/ml.

\
TABLE IV
. Enhancement of natural killing by antibody 9-1 requlres integrity of the Fec domain
Perecnt Specfic 3'Cr Relense
PBL®
Stimulus
NK cell ine® Expt. 2
Expt. 1
Medium Autibody MG2) (1gG3)

Mecdlum 10 3 10 2
® Antibody 9-1 35 22 61 65
- Antibody 9-1 Flab')z 4 1 o 7
’ Antibody 9-1 F(ab'), + anti-mouse Iy 4 2

9 NK cell ine EB4.19 (CD37/CD16*) wastested against NALM-1 targets in a similar assay in the presence of 9-1 antibody
or Flab’); at a concentration of 50 ;g/mi. A goat anti-house g antiserum was used at 1/10 dilution.

* PBIL were assayed for cytotoxicity against *'Cr-labeled 2981 lung carcinoma cells at an cffcctor to target ratio of 10:1
atter 4 hr of incubation in the presence of 9-1 antibody or Flab‘}s &° a concentration of 10 gg/ml. Antibody MG21 (1¢G3)
is an Isotype control of frrelevant specificity. A rat monoclonal antil dy specific for the murine Ig +-chain was used at 50

. pg/ml.

1gG3 immunoglobulin of irrelevant specificity (MG21) did  cross-links and comodulates CD2 molecules and CD16
not induce cytolytic activity. Multivalent cross-linking of  Fec receptors. The ability of antibody 9-1 to bind to CD16
CD2 with F(ab’), of antibody 9-1 and a goat anti-mouse may be related in part to its [gG3 isotype. Previous studies
Ig autiserum also did not enharnce the lytic activity of using a family of IgG isotype switch variant antibodies
i these cells. These data suggest that an increased [Ca*]i  witiy identical avidity for the Thy 1.1 antigen on murine
nd is not sufficient to tngger the lytic program of NK cells  Jymiphoma SL2 have shown that murine IgG3 antibodies
| and that interaction with both CD2 and CD16 is required.  are fivefold more potent than igG2a and 30-fold more
! potent than IgG2b in mediating ADCC by human Fe-
receptor* NK cells. most likely as a result of a more

We have developed a model for probing NK cell activa-  efficient binding to human CD1G6 (19). The specific CD2
tion by using an anti-CID2 monoclonal antibody which  epitope recognized may represent another possible basis

DISCUSSION
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for the interaction between antibody 9-1 and CD16. Anti-
vocties may bind to this epltope in a way that allows and
factlitates an interaction with adjacent CD16 molecules.
These two possibie explanations for the dual intervaction
of antibody 9-1 with CD2 and CDI16 are not mutually
exclusive and both may be important.

Our findings suggest that CD2 is a surface structure
capable of transducing signals that increase [Ca* )t in NK
cells. A caletun response was not observed after binding
of F{ab’); of antibody 9-1 but was induced by cross-
linking surface-bound 9-1 antibody F(ab’), or intact 9.6
antibody with a polycional anti-murine ig antiserum.
Multivalent cross-iinking of CD2 molecules was suffi-
cient to trigger calcium flux, and it appeared that this
response does 1ot depend on binding to a particular CD2
¢pitope. Anti-CD16 antibodies did not induce detectable
thanges in {Ca**}i indicating that Fc receptor binding per
se does not trigder the calcium response. However, cross-
{inking surface-bound F(ab’), of antibody 9-1 with antl-
globulin caused a larger Increase in [Ca™]i than cross-
linking biotin-conjugated F(ab’), of antibody 9-1 with
avidin, suggesting that bridging and comodulation of CD2
and CD15 may amplify the activation signal. In the case
of antibody 9-1, formation of trimolecular complexes be-
tween two CD2 molecules and one CD16 molecule ap-
pears to mimic the effect of cross-linking CD2 with a
murine monccional antibody and a polyvalent antiglob-
ulin,

The conditions for inducing an increase In [Ca?'li in
¢D16™ CTL and CD16* NK cells were different, In cul-
tured CTL, a calcium response was observed only when
anti-CD2 antibodies 9.6 and 9-1 were used together. Led-
hetter et al, (35) have reported that cross-linking of CD2
with antibody 9.6 and a polyclonal goat-anti murine Ig
antiserum caused a calcium increase in purified resting
T cells, Thus it appears that cross-linking of CD2 mole-
cule represents a critical event required for inducing an
increased [Ca®']i and that this can be accomplished by
nsing pairs of antibodies specific for distinct epitopes
i14, 15).

The cascade of events that follow the calcium increase
in NK cells has not been elucidated (36). Although it has
been reported that a calcium ionophore can induce secre-
tion of lytic granules and relcase of serine esterase activ-
ity by an NK cell line (8). In our hands it failed to enhance
cytolytic activity of resting LGL (data not shown). Our
experiments indicate that different signals are required
for triggering increased [Ca®*]i and for enhancing cytoly-
tic activity, The multivalent cross-linking of CD2 mole-
cules produced by 9-1 F(ab’), and antiglobulin was ca-
pable of inducing Increased [Ca?")i but was not sufficient
to enhance cytolytic activity. This indicated that activa-
tion of the lytic program by certain CD2 antibodies re-
quires interaction with the CD16 Fc receptor.

Other models of cellular activation through I'c recep-
tors have been deseribed. Cells from the P388D, macro-
phage line can lyse chicken erythrocytes in the prescnce
of hetcroaggregated antibodies that bridge Fe receptors
on eoffector cells and trinitrophenyl antigen on target cells
137). Heterocaggregates of anti-murine MHC class 1 and
anti-trinitropheny! antibodies were able to induce con-
jugate formation but did not facilitate lysis. Taken to-
gether, these results suggested a specific role for the
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macrophage Fc receptor in programming for the lethal
hit. Other changes in human NK cells have been de-
scribed after antibody binding to cell-surface F¢ recep-
tors. Human lymphocytes exposed to solid-phase bound
immune complexes show flattening and uropod forma-
tion (38). Furthermore, Sepharose-bound anti-CD16 an-
tibody has been reported to induce expression of IL-2
receptors and HLA class 11 molecules on human NK cells
(39).

We surmise that Fc receptor triggering in NK cells
might induce protein kinase C actlvity. Nishizuka has
proposed that protein kinase C strictly controls calcium
homeostasis in various blologlc systems (40). We have
observed that the kinetics of [Ca**)l responses triggered
by anti-CD2 antibodies are different in CTL and NK cells,
In CTL the increase is sustained for at least 15 min, but
in NK cells the peak response 1s followed by a promp:
decrease, suggesting the activation of a compensatory
inechanism. Support for the possibility that protein ki-
nase C is involved in activation of the lytic program of
NK cells has come from a study by Graves et al. who
showed that NK cytotoxle factors were released after
simultaneous stimulation of PBL with & calcium fono-
phore and a phorbol ester, whereas either ageni alone
was ineffective (al). Also, Trinchieri et al. found that
preincubation with phorbol esters enhanced sponta-
neous cytotoxicity of human lymphocytes tested against
both NK-sensitive and NK-insensitive targets (42),

Our results and thosc of other investigators indicate
that triggering by antl-CD2 antibodies may be affected
by epitope specificity and by the affinity for F¢ receptors,
It Is possible that only certain anti-CD2 anttbodies inter-
fere with conjugate formation (22). Binding valency and
modulation efficicncy may also affect signal transduc-
tion, as shown for anti-CD3 antibodies (10). Differences
in one or more of these antibody characterlstics may
explain, for example, why antibodics 9.6 and 35.1 can
block enhancement of cytolytic activity by antibody 9-1
and why the 9-1 and 9.6 antibody pair evokes calcium
flux in T cells but not the promiscuous cytolytle actvity
occurring after simultaneous stimulation with the anti-
CD2 antibodies T11; and T11; (13). On the other hand,
we have found that antibodies T11,; and T11, affect NK
cell function with a pattern identical to antibody 9-1 (1.
Hellstrom, unpublished observatlons). Antibodies T11,
{(1gG2) and T11, (IgG3) each evolked a calcium increase in
NK cells and induced PBL-mediated lysis of lung carci-
noma 2981 target cclls that could be blocked by anti-
CD16 antibody FC-2 and by anti-CD2 antibody 9.6. These
findings suggest that 9-1, T11,, and T1 13 antibodies cach
activate NK cells via a similar mechanisin.

It has been proposed that CD2 functions as a surface-
adhesion structure involved in cellular interactions (2,
43-45). The natural ligand for CD2 has been shown to
be a cell-surface molecule known as LFA-3, a 60- to 70-
kDa glycoprotein expressed on a large number of hema-
topoletic and not hematopotetic cell types (45, 46}. It s
possible that, upon interaction of CTL and NK cffectors
with target cells, the natural igand binds and cross-links
CD2 molecules with triggering of a calclum flux in a
manner similar to the cffect of ant!-CD2 antibody bind-
ing. In the casc of CTIL, target cell lysis follows conjugate
formation only after recognition of specific antigen by
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the T cell receptor or after triggering by anti-CD3 anti-
bodies (1). Our study suggests that target cell lysis by NK
cells Is triggered by a signal delivered through the Fc
receptor. ‘The requirement for two signals would allow
activation of the lytic program only when CDIG6 is trig-
gered by target cell bound IgG and not by soluble immun-
complexes. This model does not exclude the existence ol
possible NK cell receptors. which might function in par-
allel with the Fec receptor.
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